A proof of concept for a frost detection imager using reflected starlight is presented; the limitations of this technique are explored experimentally. An ice-covered lunar surface is simulated inside a vacuum chamber, which is then illuminated with a lamp containing UV and visible output to simulate the wavelengths of the background starfield. The simulated lunar surface is imaged with a camera utilizing a UV and visible filter pairing. At Lyman-α wavelengths, ice has low reflectivity, and on average appears darker than the regolith in the UV image. In visible wavelengths, this behaviour is reversed, with ice appearing brighter than regolith.
Introduction
Permanently Shadowed Regions (PSRs) on the moon can function as traps for water, since temperatures remain low enough to preserve volatiles for extended periods in these locations [1, 2] . Ice can be delivered directly by impacts into the PSRs, collected from the solar wind [3, 4, 5] , or transported by ballistic migration from the equator [6, 7] and pumped into the subsurface [8] . Water stored in the PSRs has high scientific and exploration value. For science, this reservoir may preserve a record of bulk water delivered to planetary surfaces by cometary impacts. For exploration, this water ice offers a potential readily available source of hydrogen and oxygen that can be used to sustain exploration activities; the water itself can be used by astronauts directly as potable water, the oxygen can be used to manufacture breathable air and the hydrogen can be used as a feedstock to produce fuel for operations and the eventual return to the Earth.
Spacecraft have observed a suppression of epithermal neutron flux, which can indicate the increased presence of hydrogen, suggesting significant deposits of water ice at these PSRs [9, 10, 11] . The LCROSS impact vaporization experiment also detected significant water in Cabeus crater [12] ; and measurements by the Moon Mineralogy Mapper spectrometer on board the Chandrayaan-1 spacecraft have observed water ice using reflected IR absorption features [13, 14] . The Lunar Orbiter Laser Altimeter (LOLA) aboard Lunar Reconnaissance Orbiter (LRO) has used surface albedo at 1064 nm to infer the presence of ice deposits inside PSRs [15, 16, 17] . Characterizing ice deposits on the lunar surface is considered such a high priority that both NASA and ESA are planning new satellite mission for detect lunar frost using active remote sensing in the IR; Lunar Flashlight and Lunar Volatile and Mineralogy Mapping Orbiter, respectively.
Another solution is to use the existing illumination provided by starlight. All stars have significant output at Lyman-α wavelengths in the Vacuum Ultraviolet (VUV) due to the hydrogen in their photospheres. There is also a significant glow produced by interplanetary hydrogen along the interstellar breeze. The observation of frosts at Haworth crater by LRO-LAMP [18, 19] relies on this principle and demonstrates that frost may be detected using natural Lymanα illumination by a detector sensitive at 121.6 nm. Reflectance data from the Apollo samples measured by Hapke et al. [20] show that lunar regolith has an albedo of 3-5% in the deep UV. Water ice however has an albedo of 1-3% in the deep UV [19, 21, 22] . LAMP builds up reflectance data from multiple fly overs of PSRs to search for this small, but detectable change in surface albedo to distinguish ice from regolith. A similar method can be applied using visible wavelengths: studies have show that there is significant visible light emission in the PSRs from the background starfield [22] and Earthshine is another source of illumination in the PSRs [22, 23, 24] . Over visible wavelengths, lunar regolith averages an albedo of ∼10% [20] , while water ice has an albedo of 80-90% in the visible [20, 21, 22] . The upcoming Korea Pathfinder Lunar Orbiter ShadowCam plans to survey PSRs using reflected light.
An improved method for detecting ice in PSRs is possible by considering both visible and UV light at the same time. A ratio of UV and visible images would increase the relative reflectance difference, resulting in an order of magnitude difference in brightness between ice and regolith, an would provide a clearer difference between ice and regolith than simply using UV or visible imaging alone. This paper reports laboratory simulations of lunar frost detection using ratios of reflected UV and visible light as a proof of concept for a rover mounted camera for future lunar frost detection missions.
Experimental Methods
The lunar surface was simulated inside of a 12" diameter cryo-vacuum chamber. Liquid nitrogen was pumped through a heat exchanger to achieve temperatures of 95 K at a copper sample holder in the centre of the chamber. Pressure control was provided by a turbomolucular pump, which was able to achieve pressures on the order of 10 −5 Torr. JSC-1A lunar regolith simulant was used to simulate lunar regolith and deionized water was frozen to create ice. Ice and regolith were placed inside the sample holder. Two sample locations were filled with regolith, the other two sample locations were filled with crushed ice. Mixtures of ice and regolith were not investigated because preliminary testing found that ice would sublimate from mixtures, thus changing the value of the mixing ratio. The pressure in the chamber was not reduced until the temperature was far below freezing. This was done to prevent the ice from sublimating once the pressure is lowered. Temperature and pressure take approximately an hour to stabilize to the desired levels. Once the temperature and pressure of the system were stabilized, UV and visible images were taken one immediately after the other. A schematic diagram of the experimental set-up is shown in Figure 1 . To test the effects of different light distributions, the camera and lamp positions were interchanged to obtain two sets of images of the same sample under different viewing geometries.
A Resonance Ltd. Krypton line source VUV lamp was used to simulate starlight. This light source was chosen because it outputs significantly in the deep UV (115-130 nm) and broadband visible light (400-1000 nm). Images were taken with a Resonance Ltd. VUVCam1-121 Ultraviolet Camera, which is capable of imaging at both wavelength regimes produced by the lightsource since the quantum efficiency of the camera is ∼ 30% in the deep UV and 10-80% over the broadband visible range. In order to ratio images at two different spectral regions, a band pass filter was placed in front of the camera. Two different filters were used, an MgF 2 filter for Lyman-α and a N-BK7 glass lens for visible. A lens was used as because the camera was optimized for UV operation, so the built in lens was insufficient to focus visible wavelengths. The combined effect of lamp output, quantum efficiency, and filters on the spectrum observable by the camera shown in Figure 2 . Sources of uncertainty include MgF 2 filter transmission (±1%), N-BK7 glass filter transmission (±0.1%), lamp fluctuations (±10%), and camera QE (±5%). In order to reduce uncertainty, 100 dark and image pairs were taken in both UV and visible. The raw images were individually dark subtracted before the 100 images were averaged together.
Data Analysis
Image preparation before ratioing was needed to account for the optical focus of the images at different wavelengths. The different wavelengths between the two images result in a different area being imaged onto the CMOS sensor, creating the appearance that the visible image is zoomed-in compared to the UV image. This can been seen by comparing the amount of the sample holder contained in the raw images in Figure 3 . To account for this optical effect, the UV image is cropped to match the visual scene of the image seen in the visible, then the pixel values of the visible image are averaged to shrink the visible image pixel count to match the number of pixels in the cropped UV image. This is a source of uncertainty in this technique, if an optical path could be designed that would produce an identical image in both UV and visible, uncertainty be further reduced. A 3x3 pixel filter is passed over the images to further reduce noise in the images.
Due to the low signal intensity from the camera at Lyman-α, UV images were taken at a gain of 29 dB, and an exposure time of 3800 ms. By contrast, due to high signal levels in the visible, images were taken at a gain of 0 dB and an exposure time of 35 ms. Multiplying the spectra in Figure 2 and the respective gains and exposures, and integrating over the spectral region, results in the detectable UV signal being 47 times stronger than the visible signal, assuming an equally reflective surface. This correction factor was applied to the UV images, so that when the UV and visible images are ratioed, they are on equal footing, thus any differences in brightness are due to surface reflectivity.
Results
Images before and after processing are shown in Figure 3 . Top left and bottom right locations in each image are ice samples. Top right and bottom left locations in each image are regolith. Significant differences in grain size can be seen in the ice samples, resulting in non-uniform appearance across the sample surface. The regolith samples have much less variability in grain size and distribution, yielding more consistent results than the ice samples. The amount of noise in the images was determined by looking at the variability of pixels in the far corners of the images. For the UV images, the standard deviation of corner pixels was ∼ 127 digital pixel numbers; while for the visible images it was 0.0385 ± 0.0001 0.1897 ± 0.0008 0.1141±0.0008 0.103±0.037 *Average of ice albedos from [21] and [22] , and regolith albedo from [20] .
∼ 67. The additional variability seen in Figure 4 and be attributed to variation of the sample surfaces.
To confirm the camera's capabilities, the relative brightness of ice and regolith in an individual image was compared. This was performed by selecting areas of the images containing ice or regolith samples (designated by the circles in Figure 3 ), and calculating the median pixel value and uncertainty at two standard deviations. The ratio of ice to regolith albedos in this work can be compared to published values. For regolith, the albedo is taken as an average of the Apollo samples measured by Hapke et al. [20] . For ice, there are multiple modeled reflectance data sets available; there is the directional hemispheric reflectance work by Kloos et al. [22] and bi-directional reflectance modeling using optical constants from Warren and Brandt [21] . While there exist experimental measurements of UV albedo of ice [20] , there are potential issues with these measurements, such as red leak and contamination [25] . In the deep UV, the modeled work [21, 22] both predict ∼0.01. In the visible, there is general agreement, with both experimental and modeled work predicting little variation with wavelength and albedos of ∼0.8. To validate the ice to regolith reflectance ratios seen in this work to the literature, a convolution of the ratio of ice and regolith albedos from the literature and the observable spectrum in this experiment (Figure 2) was preformed to yield a predicted brightness ratio. This convolution is given as:
where R is the predicted brightness ratio of ice to regolith observable in this experiment, α R is the ratio of ice albedo (averaged from [21] and [22] ) to regolith albedo (taken from [20] ), and σ f is the lamp spectrum seen by the camera with the subscript denoting either the visible or UV filter. These results are summarized in Table 1 . Good agreement is seen for albedo ratios in the visible compared with the literature. In the UV however, there is significant variability in the experimental UV measurement, which appears to be caused by scattering off of non-uniform ice grain sizes and specular reflection. Despite this, the UV albedo ratios agree with the literature once averaged.
It should be noted that the albedos used by Kloos et al. [22] are directional hemispheric albedos, which is a ratio of the power of reflected light in the entire hemisphere to the power of light incident from a single direction. By the principal of reciprocity, this is the type of albedo that is relevant for a camera looking into a PSR given that starlight is diffuse and coming from all directions. However, the experimental results reported here are bi-directional, given that there is only a single illumination source. The difference between hemispheric and bidirectional could explain why most of the experimental ratios are smaller than the predicted ratios. Given that the experimental set-up was behaving as expected based on ice versus regolith albedo ratios, the next step was to look at ratios of UV to visible images. After ratioing the UV and visible images, the regolith appears significantly brighter, compared to the ice, as seen in Figures 3e and 3f . To better understand the uncertainties in this detection technique, histograms showing the distribution of pixel intensities for ice and regolith are shown in Figure 4 . In general it can be seen that both ice and regolith nave normal distributions of pixel brightness, with ice appearing darker than regolith in the UV, while the reverse is true for the visible images. The one notable exception is in the sideways view, where in the UV ice has a long tail off of brighter pixels, which appears to be caused by specular reflection off of the ice; while in the visible, the ice has significant variability. This appears to be caused by variation in grain size producing shadows and reflections in the ice samples. Figure 4 also shows clear improvement in the ability to distinguish ice from regolith using a ratio of UV to visible, over UV alone.
Finally, the signal to noise ratio (SNR) to distinguish ice from regolith is calculated. The SNR is defined as:
where I is the median ice pixel value, R is the median regolith pixel value, σ I is the 95% confidence interval of ice pixels, and σ R is the 95% confidence interval of regolith pixels. A summary of the SNR derived from the images are listed in Table 2 . In cases where ice and regolith are distinguishable in both UV and visible, such as the top-down images, ratioing the images improves the SNR by 36%. In cases where ice and regolith are difficult to distinguish in either UV or visible, such as the sideways images, ratioing the images makes the distinction between ice and regolith clear, as shown in Figure 4f . Ultimately, ratioing UV to visible images shows significant improvement for ice detection over UV or visible alone.
The SNR values presented here are quite promising, however for a camera on the lunar surface, the actual SNR will depend on the amount of light and optics used. Kloos et al. [22] what the SNR of the camera used in this study would be using the light levels they simulate in their paper. They find that reasonable SNR can be achieved at short integration times (< 0.1 seconds), for a single image. The SNR could be further improved with repeated measurements or larger aperture optics than the one used in this study. 
Conclusions
Laboratory simulations of the lunar surface have demonstrated that distinguishing lunar ice from lunar regolith is possible using a ratio of UV and visible reflectance images, due to strong absorption of deep UV radiation by water ice. Using a ratio of UV to a visible image improves the SNR of a detection compared to using UV or visible alone. When the two images are ratioed, the signal to noise ratio to distinguish ice from regolith improves by 36%. In cases where the presence of shadows and specular reflection make distinguishing ice from regolith in either a single UV or visible image difficult, ratioing the images makes the distinction clear. If such imaging optics are used from the perspective of a rover on the surface of the moon, a much higher resolution map of frost may be obtained, since the proximity to the ice is smaller than from orbit and longer exposures are possible if the rover is stationary during imaging.
